Introduction
Ground deformation measured by space geodetic techniques such as InSAR is one of the most used data sets to constrain the rates of magma transport and storage in active volcanoes and the geometry and location of the plumbing systems that produce eruptions (e.g., Dvorak and Dzurisin (1997) ; Dzurisin (2003) ; Dzurisin and Lu (2006) ; Pinel et al.
Ground deformation measured by space geodetic techniques such as InSAR is one of the most used data sets to constrain the rates of magma transport and storage in active volcanoes and the geometry and location of the plumbing systems that produce eruptions (e.g., Dvorak and Dzurisin (1997) ; Dzurisin (2003) ; Dzurisin and Lu (2006) ; Pinel et al. (2014) ; Acocella et al. (2015) ). However, not all the eruptions are related to ground deformation and hence this relationship, unique to each volcano, is not always straightforward (e.g., Biggs et al. (2014) ; Acocella et al. (2015) ). To understand the relation between deformation and eruptions for each volcano, we need dense temporal and spatial observations of ground deformation over several eruptions as well as periods of quiescence and unrest. Ground deformation should also be related to degassing and seismicity measurements, to provide more robust constrains on magma dynamics and because unrest detected by one of them might not be related to changes in the others (e.g., ; Delgado et al. (2016) ). With these goals in mind, we carried out an Interferometric Synthetic Aperture Radar (InSAR) study focusing on three high priority volcanoes in the southern Andes of Chile.
The Southern Andes Volcanic Zone (SAVZ) (33º-46ºS) of Chile and Argentina is one of the four distinct segments of the volcanic arc along the western margin of South America (Stern, 2004) , and one of the most active volcanic provinces in Latin America, with 64 volcanic centers thought to be active during the Holocene (Siebert et al., 2010) . The most active volcanoes of this province are Villarrica and Llaima, both with eruptions every ~3-6 years (Dzierma and Wehrmann, 2010) , while the province as a whole has a time averaged rate of ~0.5 eruptions/year during the 20th century (Dzierma and Wehrmann, 2012) . Holocene postglacial eruptions of the SAVZ volcanoes span the full compositional range from basalt to silica rich, and with volcanic explosivity indexes (VEI) up to 6 (Stern, 2004) . The SAVZ is thus an excellent research place to understand the relation between of ground deformation and volcanic eruptions.
In this work we focus on Villarrica, Llaima and Calbuco volcanoes (Figure 1 ), the three most dangerous of the SAVZ according to SERNAGEOMIN , http://www.sernageomin.cl/archivos/Ranking-de-Volcanes.pdf). In the absence of dense ground geodetic networks, we use satellite and airborne InSAR observations (e.g., Zebker et al. (2000) ; Dzurisin and Lu (2006) ; Simons and Rosen (2007) ; Lu and Dzurisin (2014) ; Pinel et al. (2014) ) to establish the nature of ground deformation at each volcano. Our observations span most of the period between 2002 and 2015 --including eruptions and periods of unrest at each volcano. We observe and model deformation at all three volcanoes, providing some of the first geophysical constraints on the location and dimensions of the plumbing systems, as remarkably little is known about their inner structure, mechanics of magma transport, storage, degassing and eruptive dynamics (e.g., (Bouvet de Maisonneuve et al., 2012; Bouvet de Maisonneuve et al., 2013) ; ; Palma et al. (2008) ; Castruccio et al. (2016) ; (Ruth and Calder, 2014; Ruth et al., 2016) ). As we do not always find clear evidence of pre-eruptive ground deformation, we discuss plausible reasons, including the model of open-closed volcanoes (Chaussard et al., 2013) to explain the complex relation between eruption and deformation at these edifices.
From the outset, we note that the application of currently available InSAR to volcanic edifices like the three studied here is challenging for several reasons. The steep slopes produce geometric distortions in spaceborne SAR images, vegetation and ice produces signal decorrelation (e.g., Zebker et al. (2000) ; Pinel et al. (2011)) , and variations in water vapor and hydrostatic pressure that correlate with topography can introduce significant phase delays in the radar line of sight (LOS) that can be mistaken as ground deformation (e.g., Beauducel et al. (2000) ; Remy et al. (2003) ). Given this context, our approach is to use data from all available InSAR spaceborne and airborne platforms spanning a range of wavelengths (X, C, and L bands, roughly 3, 6 and 24 cm) and viewing geometries for each volcano in order to best separate real ground deformation from other signals. Our goal is also to understand how radar wavelength, image swath width, and satellite/aircraft repeat interval impacts data quality under the environmental conditions of the SAVZ stratovolcanoes with an eye to assessing the utility of each type of observation for systematic monitoring. For example, it is known that decorrelation is from other signals. Our goal is also to understand how radar wavelength, image swath width, and satellite/aircraft repeat interval impacts data quality under the environmental conditions of the SAVZ stratovolcanoes with an eye to assessing the utility of each type of observation for systematic monitoring. For example, it is known that decorrelation is more critical at shorter radar wavelengths (like X band) (Rosen et al., 1996) , but X band data potential has not been properly assessed in the region --to our knowledge it has mostly been used in the SAVZ at volcanoes in the eastern part of the region or with less vegetation ; ; Delgado et al. (2016) ; (Lundgren et al., 2015b) (Lundgren et al., 2017) than the three volcanoes studied here. Further, to understand and possibly remove atmospheric artifacts on the interferograms, we use both empirical corrections and numerical weather models that have been shown to be useful elsewhere (e.g., Doin et al. (2009) ; Jolivet et al. (2011); Bekaert et al. (2015) ). Based on the available data, we recommend a regional observation strategy that utilizes the unique capabilities of each satellite, considering the peculiarities of these three most dangerous volcanoes in the region. Llaima (71.25ºW, 38.70ºS ) is one of the most active volcanoes in the SAVZ, with more than 50 eruptions since the XVII century (Naranjo and Moreno, 2005) . It is a large stratocone built on top of a post-glacial shield volcano, with a maximum elevation of 3179 m, made up by two NS oriented summits (the northernmost one is the main eruptive vent), and surrounded by more than 40 cinder cones in its W, N and S flanks. Llaima has been active since before the last glacial maximum and most of its erupted products have basaltic to andesitic-basaltic compositions, with low intensity Hawaiian and Strombolian historical eruptions. However, as the volcano is covered by large glaciers (~0.5 km 3 of ice), it is particularly hazardous for the surrounding communities (Naranjo and Moreno, 2005) .
Geological background and previous work 2.1 Llaima volcano
The 2007-2009 eruptive cycle is the closest monitored to date at Llaima Moreno et al. (2009) ) and started on May 26 2007 with an overall increase in the seismicity above background levels and minor explosions and cinder emission. On January 1 2008, a Strombolian eruption that lasted 12 hours emitted an eruptive column that reached up to ~11 km over the volcano summit and with an erupted volume of 0.0013 km 3 (Ruth and Calder, 2014) . The eruption was followed by Strombolian and Hawaiian eruptions between January 21-February 2 and February 2-13 2008 respectively. Activity restarted on July 2008 when 5 mixed Strombolian-Hawaiian eruptions were ejected followed by short periods of calm. The second large paroxysm of the cycle was a mixed Strombolian and Hawaiian eruption that occurred on April 3 2009, lasted 72 hours and emitted three lava flows towards the W glacier ( Figure 2 ) and an eruptive column that reached an elevation of 7 km, but to our knowledge no estimates of the erupted volume of this eruption are available. The volcano activity slowly waned until it ended in July 2009. The volcano seismic network recorded sudden increases in the real-time seismic-amplitude measurement (RSAM) a few hours or just before the eruptions, followed by a quick RSAM decrease as the eruptive activity waned ). Petrological analysis of lava and tephra from historical eruptions, including the 2008 and 2009 events suggests that dikes of different magma batches are intruded across the NS oriented summits and that the dike volume controls the eruptive styles (Bouvet de Maisonneuve et al., 2012; Bouvet de Maisonneuve et al., 2013) . The time scales of magma recharge are ~1-2 years to several months before the eruption (Bouvet de Maisonneuve, 2011) and magmas are likely stored at dike-like reservoirs at depths shallower than 4 km beneath the volcano surface (Bouvet de Maisonneuve et al., 2012; Ruth et al., 2016) . Other unrest in the studied period include a small eruption on April 09-11 2003 with a VEI of 1-2 (Naranjo and Moreno, 2005) .
Llaima is the only one of the three volcanoes that has been subject to previous detailed ground deformation studies. The 2007-2009 eruptive cycle was studied with ALOS data (Fournier et al., 2010) , ENVISAT data (Bathke et al., 2011) , and a reanalysis with both data sets plus independent estimates of precipitable water vapor (PWV) from MODIS and Llaima is the only one of the three volcanoes that has been subject to previous detailed ground deformation studies. The 2007-2009 eruptive cycle was studied with ALOS data (Fournier et al., 2010) , ENVISAT data (Bathke et al., 2011) , and a reanalysis with both data sets plus independent estimates of precipitable water vapor (PWV) from MODIS and MERIS near infrared spectrometers (Remy et al., 2015) . Fournier et al. (2010) and Remy et al. (2015) did not find unambiguous evidence for magmatic driven subsurface ground deformation except for a potential landslide located on the E part of the volcano likely triggered by the eruptive activity. Bathke et al. (2011) interpreted concentric fringes to reflect long term subsidence between 2003-2007 and coeruptive uplift before and during the January 1 2008 eruption. We further discuss the difference between these interpretations in the results and discussion sections. Villarrica (71.93ºW, 39.42ºS ) is one of the most active volcanoes of the SAVZ with more than 50 historical eruptions since the 16th century (e.g., Lara and Clavero (2004) , Moreno and Clavero (2006) ). It is an ice capped basaltic-andesitic stratovolcano, with a maximum elevation of 2847 m and the current stratocone is built on top of an older collapsed edifice. Since the last eruptive episode in 1984, the volcano crater has been filled with an actively degassing lava lake, 200 m in diameter (e.g., ; Palma et al. (2008) ; Moussallam et al. (2016) ). The lava lake depth and explosions are correlated with the seismic tremor magnitude and the amount of outgassing and style of bubble bursting (Palma et al., 2008) . The volcano erupted basaltic andesites from the summit crater on March 3 2015 03:08 local time and the eruption was preceded by a continuous increment in the background seismicity and small explosions of the lava lake (OVDAS, 2015) . The eruption was transitional from strong Strombolian to Hawaiian, lasted 55 min and partially covered the crater rim with pyroclastic material (Naranjo, 2015) (Figure 2 ). The eruption ejected spatters ~1.5 km over the volcano crater and a column of gases and ash with an elevation of ~6-8 km during the highest intensity peak, while the seismicity decreased to levels lower than before the eruption (OVDAS, 2015) . Smaller Strombolian eruptions were later produced on March 17 and 30 2015 (OVDAS, 2015) . The total erupted volume of the March 3 2015 eruption is 0.0047 + 0.001 km 3 (Bertin et al., 2015) 2.3 Calbuco volcano Calbuco (72.61ºW, 41.33ºS ) is an andesitic stratovolcano with an elevation of ~2003 m. Most of its Holocene activity has been explosive sub-Plinian to Plinian, including a large sector collapse after the last glacial maximum and the eruption of lavas and domes (Selles and Moreno, 2011) . There is recorded evidence of at least 12 historical eruptions, and its largest historical eruptions occurred in 1893-1895, when a lava dome was formed inside the collapsed structure, and with the most recent large and minor eruptions in 1961 and 1972 respectively (Selles and Moreno, 2011) . The volcano was monitored by two seismometers since 2009, with the closest station 5 km to the west, and a tiltmeter 4 km west of the volcano. The eruption started on April 22 2015 18:04 local with little warning as earthquakes increased over background levels only ~3 hours before, with no clear precursors 15 minutes before the onset and with no pre eruptive deformation detected from the tiltmeter (Valderrama et al., 2015) . The April 22 eruption was sub-Plinian (VEI 4), lasted ~1.5 hours and ejected a ~15 km height eruptive column of andesitic (57% SiO 2 ) and basaltic-andesite (54-55%) composition (Romero et al. (2016) ; Van Eaton et al. (2016) ). A second eruption started on April 23 2015 01:08 local time and lasted for 6 hours with a column that reached ~15 km height, and with earthquakes with maximum M L magnitude of 3.6. A smaller column, with an elevation of ~2 km, was ejected one day later at 23:39 local time, and a third large eruption with a steam-driven column with an elevation of ~4 km that lasted ~2 hours occurred on April 30. Total erupted volumes estimates are 0.27 + 0.007 (Romero et al., 2016 ), 0.56 + 0.28 (Van Eaton et al., 2016 , and 0.38 km 3 (Castruccio et al., 2016) . The erupted volumes during the April 22 and 23 eruptions are 0.103 + 0.0027 and 0.167 + 0.0043 km 3 respectively (Romero et al., 2016) .
Villarrica volcano

InSAR processing and modeling
InSAR data and processing details are described in the supplementary material, hence we only briefly describe the methods here. We use all the available ERS- For areas with sufficient ALOS, ENVISAT extended mode, CSK and S1A data (at least 10-20 interferograms) we calculate time series of deformation (Berardino et al., 2002) . We also try a variety of techniques to account for the persistent atmospheric phase delays observed in the volcanoes (e.g., Beauducel et al. (2000) ; Froger et al. (2007) ; Chaussard et al. (2013); Jolivet et al. (2014) ; Remy et al. (2015) , Supplementary material). When observed, deformation signals were jointly inverted from several interferograms using standard algorithms for data downsampling and covariance matrix estimation (Lohman and Simons, 2005) as well as standard solutions for pressurized sources in a linear elastic half space ((McTigue, 1987) ; (Okada, 1985) ; ) and with topographic corrections (Williams and Wadge, 1998) .
Results
We describe here InSAR data that span eruptions and periods of known unrest including the 2007-2009 Llaima eruptive cycle, and Villarrica and Calbuco during their 2015 eruptions. The rest of the data sets do not show unambigious evidence of ground deformation and hence are described in detail only in the supplementary material.
Llaima volcano
Both atmospheric corrected and uncorrected 2007-2011 ALOS time series (Figure 3) show a LOS increase (hypothetical subsidence), also observed by Remy et al. (2015) . ENVISAT interferograms that overlap with the ALOS data show LOS decrease (hypothetical uplift) (Figure 4) , with amplitudes up to ~6 cm. The analysis of whether these signals are ground deformation or atmospheric effects will be evaluated in the discussion section. The ALOS LOS increase trends are interrupted by a burst of LOS decrease (uplift) in early 2009 as described in the next section.
(hypothetical uplift) (Figure 4) , with amplitudes up to ~6 cm. The analysis of whether these signals are ground deformation or atmospheric effects will be evaluated in the discussion section. The ALOS LOS increase trends are interrupted by a burst of LOS decrease (uplift) in early 2009 as described in the next section. (Figure 3, Figure 5 ). The uplift is an outlier in the overall trend in the time series and is above the + 7 cm uncertainty inferred for individual interferograms at Llaima volcano (Remy et al., 2015) . Further, the uplift signal appears in only three interferograms calculated with two independent SAR acquisitions (Supplementary Material and Table 2 ) and is not correlated with topography as sometimes observed for signals of atmospheric origin. Thus we interpret it as real ground deformation instead of an atmospheric signal. Remy et al. (2015) also observed this signal in the path 117 interferogram (Figure 5d , Table 2 ) and noted that the pair in question is not affected by a significant atmospheric phase delay in the volcano but did not interpret it as ground deformation. The signal is not observed in ENVISAT interferograms that cover the April 3 2009 eruption (Figure 4) but the former did not acquire SAR images ~1-2 months before the eruption and the signal was presumably canceled out by post eruptive subsidence with net zero cumulative displacement. We interpret this signal as ground uplift most likely related to pre-eruptive magma intrusion before the April 2009 eruption, in agreement with time scales of magma intrusion on the order of several months to ~1-2 years interpreted on the basis of geochemistry (Bouvet de Maisonneuve, 2011) . Had we observed the signal in a single interferogram as Remy et al. (2015) did, the interpretation as ground uplift would be more suspect. The non-optimal data availability hampers our ability to assess the uplift event time dependence, duration and precise timing, as it was temporally aliased by the almost complete lack of SAR acquisitions between July 2008 and February 2009.
To model the putative uplift signal before the 2009 eruption, we selected 3 interferograms (Table 2) , masked most of them far from the volcano as well as the potential landslide signal (Fournier et al., 2010) , but left enough non-deforming areas to estimate the data covariance matrix. As the deformation observed before the April 3 2009 eruption is elongated, a symmetrical source (like a single Mogi model) can be ruled out. As a joint inversion for a pressurized ellipsoid predicts an unrealistic small aspect ratio, we focused on the tensile dislocation model. We tested a variety of inversions with different combinations of interferograms, with and without the empirical atmospheric correction and the volcano topography taken into account in the source model. We find that because the deformation is larger in the path 116 interferograms than the path 117 interferogram, the inverted sill opening is ~8 cm larger, but the master scene on the former interferograms was acquired earlier than the latter. Given the limited number of SAR acquisitions, it is not possible to determine if the difference between the two paths is related to time variable deformation or to atmospheric effects. Hence, in the absence of further data to reduce the effect of the phase delays, we show the inversion results calculated with the three interferograms uncorrected for phase delays and for topographic relief that fits both tracks, but is not optimal for either. The best-fit model predicts a sill like geometry with the centroid depth of ~5.3 + 0.6 km beneath the volcano base (~1700 m) (Table 3 ) and a volume change of 0.0093 + 0.0078 km 3 , which we compare to the petrologically inferred depth in the discussion. Fournier et al. (2010) described a LOS increase signal in the E part of the volcano observed in both the ALOS and ENVISAT (Figure 4 ) data sets and interpreted it as a potential landslide, but such process was not observed in that area. An alternative explanation involves flank instability inferred from the occurrence of new small flank vents where small explosions were sourced over this flank [Hugo Moreno, personal communication] . Hence, we re-interpret this geodetic signal as being produced by flank instability after the January 1 2008 eruption. Although our dataset is significantly larger than the one analyzed by Bathke et al. (2011) than the one analyzed by Bathke et al. (2011); Fournier et al. (2010) or Remy et al. (2015) , the sparse ENVISAT/ALOS image catalog in early 2008 hampers our ability to provide better constrains on the flank instability timing, which occurred after December 7 2007, most likely following the January 1 2008 eruption, and before March 4 2008.
Deformation of non magmatic origin
Villarrica Volcano
The coeruptive CSK and S1A time series spanning December 2014 to April 2015 ( Figure  6 ) show both LOS increase and decrease (hypothetical subsidence and uplift) respectively, but the signals have different signs for similar time periods. The analysis of whether these signals are ground deformation or atmospheric effects will be evaluated in the discussion section.
Post eruptive inflation after the March 3rd 2015 eruption
CSK interferograms calculated with several independent SAR images that span mid April to mid May 2015 ( Figure 7 , Table 4 ), show a persistent uplift signal located 5 km SE of the volcano, near the Holocene caldera rim, with maximum amplitudes between 4 and 6 cm. The uplift signal is not shown in Figure 6 because it was not possible to calculate coherent small baseline interferograms to include it in the CSK time series and due to the large magnitude of non-stationary topography correlated phase delays in the S1A interferograms. The amplitude scales with the covered time span consistent with a time dependent process, but there is not enough data to characterize the temporal evolution. The signal was detected by OVDAS on four cGPS stations and related to an increase in volcano tectonic seismicity . The signal is not correlated with topography and appears in the same area in interferograms with independent acquisitions, but is absent in ascending TSX spotlight interferograms (Supplementary material) that cover only a small fraction of the deforming area. In order to model the uplift signal, we estimate and remove atmospheric phase delays correlated with the topography by inverting a Mogi source with a topographic correction (Williams and Wadge, 1998) , and then jointly invert the best six CSK interferograms. DEM errors produced by the retreat of the glacier that covers the volcano and close to the inferred uplift area were cropped so they will not bias the source model. The inversion results (Table 5) show that a source located ~4.2 km below sea level can reproduce the observed uplift signal, ~2 km deeper than the cGPS model with a cumulative volume change of 0.0075 km 3 during the uplift period. The discrepancy between the InSAR -GPS model can be explained because the sparse GPS network does not capture the full extent of the deformation signal, therefore the InSAR inversion is modeled by either a deeper source or a source with a larger strength, a slight difference in the time period covered by GPS and InSAR, or because the InSAR model is biased by using a single component of deformation. In the absence of further independent data sets we consider these explanations for the difference between the InSAR-GPS models equally likely.
Calbuco volcano 4.3.1 Co-eruptive subsidence during the April 22-23 2015 eruptions and localized atmospheric signals?
Sentinel-1A interferograms that span the April 22-23 2015 eruptions show a maximum subsidence of ~12 cm in the W part of the volcano for the ascending data (Figure 8 ), and a signal of similar amplitude in the E part of the volcano for the descending one, which is more decorrelated due to ash deposition during a longer time span. An ascending Sentinel-1A interferogram that spans the April 22, 23 and 30 eruptions (not shown) shows a signal of the same amplitude as those that only span the first two eruptions. The subsidence signal is also observed in an ALOS-2 ascending stripmap (available at http://www.eorc.jaxa.jp/ALOS-2/en/img_up/dis_pal2_chl-volc_20150429.htm) and in descending ScanSAR interferograms (not shown). 1-day CSK descending interferograms calculated with images acquired between ~24 and ~72 hours after the April 22 2015 eruption show contrasting signals (Supplementary material). The first 1-day pair shows range increase (apparent subsidence) in the S part of the volcano and uplift in the N volcano flanks, but not in the edifice itself, both signals of ~2 cm, while the second 1 day pair shows uplift in the volcano and subsidence in its N flank, both signals with an amplitude of ~3.5 cm. Given the lack of complementary data, it is unclear if these signals range increase (apparent subsidence) in the S part of the volcano and uplift in the N volcano flanks, but not in the edifice itself, both signals of ~2 cm, while the second 1 day pair shows uplift in the volcano and subsidence in its N flank, both signals with an amplitude of ~3.5 cm. Given the lack of complementary data, it is unclear if these signals in the 1-day pairs correspond to real ground deformation.
The coeruptive subsidence signal in the Sentinel-1A interferograms can be modeled by a prolate pressurized spheroid located ~1 km SW of the volcano summit at a depth of ~8 km, or alternatively by a point source ~5.5 km SW of the volcano at a depth of 10.7 km (Figure 8, Table 6, Table 7 ). Nevertheless, residuals are large as neither model can properly model both ascending and descending data. On the other hand, the subsidence signals observed in the 1-day CSK pairs, if real, are neither co-located with lahars (deposited over a smaller area than the phase anomaly) nor with the eruptive plume which was ejected towards the E of the volcano as observed in GOES-13 (Romero et al. (2016) , Van Eaton et al. (2016) ), MODIS and EO-1 satellite imagery.
As the coeruptive deflation signals were observed in the Sentinel interferograms but not in the 1-day CSK pairs, the volcano magma chamber deflated during the extent of the April 22-23 eruptions, in agreement with the tiltmeter records (Valderrama et al., 2015) . The deformation is negligible for the April 30 eruption as evidenced by interferograms that only span the latter eruption. The fact that none of the source models can properly predict both the ascending and descending interferograms implies that the source is more complex than the simple models used here (Nikkhoo et al., 2016) and a different source model may be required -but all available models are consistent with a source depth between 8-11 km.
To compare the volume of erupted material with that inferred from the geodetic model, we use the spheroid source model as a proxy of the magma chamber volume change because it has a smaller root mean square compared with the point source ( Table 7) . The chamber volume change of ~ -0.055 km 3 can be converted to erupted volume by means of the formula (Mastin et al., 2008) with V e the erupted volume, ΔV c the magma chamber volume, ρ M and ρ e the chamber and erupted magma densities, κ C the magma chamber compressibility, and κ m the magma compressibility. Amoruso and Crescentini (2009) showed that a prolate spheroid with an aspect ratio of 2.34 as in Calbuco has a chamber compressibility very similar to 3/4G with G the medium shear modulus, and characteristic of a spherical source, hence we use the latter value for the calculation. As no seismic velocity or volatile contents estimates of the erupted products are available for Calbuco, we use literature values of G = 5 GPa for somewhat fractured crust (Segall, 2010) , κ m = 2.5 -5 x 10 -10 MPa -1 for andesites (Mastin et al., 2009 ) and assume that ρ M /ρ e = 2.5. These figures yield a ratio of erupted volume versus magma chamber volume change between 6.6 to 10.8, and erupted volumes of 0.37 -0.6 km 
Discussion
Discriminating deformation from atmospheric phase delays
The coeruptive Llaima and Villarrica data sets require a careful assessment of whether there could be real ground deformation or not (Remy et al., 2015) . Below we describe a more detailed analysis of each volcano in turn.
Lack of deformation at Llaima during the January 2008 eruption
For the early 2007 -mid 2008 period, the eight coeruptive Llaima ENVISAT interferograms show LOS decrease (Figure 4) , although of different amplitude, while the ALOS path 116 time series shows a slight LOS increase and the ALOS path 117 time series shows effectively no cumulative deformation when corrected for atmospheric effects (Figure 3) . As all the data sets show different results, we conclude that no InSAR interferograms show LOS decrease (Figure 4) , although of different amplitude, while the ALOS path 116 time series shows a slight LOS increase and the ALOS path 117 time series shows effectively no cumulative deformation when corrected for atmospheric effects (Figure 3) . As all the data sets show different results, we conclude that no InSAR detectable subsurface magma driven ground deformation occurred during the 2008 eruptions and that all the observed patterns of LOS decrease in the ENVISAT data were produced by tropospheric phase delays --in agreement with Fournier et al. (2010) and Remy et al. (2015) , but differing from Bathke et al. (2011) . Indeed, the mean velocities from the ALOS time series in 2007-2008 are smaller than the assumed ~2.5 cm/yr ALOS time series accuracy (Supplementary material). A synthetic Mogi model projected into ENVISAT and ALOS LOS, and that takes into account both the topography and magma compressibility of the erupted tephra of the January 1 st 2008 eruption (Ruth and Calder, 2014) predicts that an inflating source located 7 km beneath Llaima summit (Bathke et al., 2011) produces at most 2 mm of LOS subsidence (not shown). Such signal is one order of magnitude below the uncertainty of our time series for secular rates and interferograms for transient signals and is thus not resolved in our data.
Lack of deformation during the 2015 Villarrica eruption
The CSK / S1A time series show ground velocities of opposite sign and with random signals during, before and after the eruption. The erupted volume of the March 3 2015 eruption is equivalent to 0.002 + 0.0004 km 3 of magma, if compressibility for a mostly degassed basalt is taken into account (e.g., Segall (2010) ). The deflation signal produced by the evacuation of that volume is not evident in the time series ( Figure 6 ) as a deflating source located beneath the volcano summit at the same depth of the deeper source responsible for the 1971 eruption (Morgado et al., 2015) produces less than 1 cm of co eruptive subsidence. The signals observed in the S1A and CSK time series have larger amplitudes than the predicted subsidence and do not show systematic trends with the same amplitude and located in the same areas. Hence, we conclude that the available data set is not indicative of unambiguous evidence for preeruptive inflation and co-eruptive deflation, in agreement with the available GPS records .
Lack of deformation during the April 30 2015 Calbuco eruption
Neither CSK nor S1A data show unambiguous deformation signals related to the third eruption in the April 2015 sequence. The lack of ground deformation could be related to the fact that the eruption products have low juvenile contents indicative of a steam driven eruption with little involvement of magma (Van Eaton et al., 2016) and had a volume that was an order of magnitude smaller volume than the April 22-23 eruptions [Daniel Bertin, personal communication] . Hence the eruption was not likely produced by the evacuation of magma from a chamber that could produce ground deformation.
Implications for magma plumbing systems
We provide the first geodetic measurements of ground deformation confirmed by multiple datasets at these the most active and dangerous volcanoes in the SAVZ and some of the first inferences of any kind about the depth and location of magma chambers that may feed the eruptions. We discuss each in turn.
We interpret that the 2009 eruption at Llaima was preceded by the inflation of a sill at a depth of ~5.3 + 0.6 km beneath the volcano base on the western side of the volcano. This geophysical depth is at the extreme of the petrological inferences of the magma chamber depth that fed the Llaima eruptions (Bouvet de Maisonneuve et al., 2012) , but both estimates barely overlap. If potential systematic errors in the geophysical estimate such as heterogeneity of the elastic structure beneath the volcano (Masterlark, 2007) are taken into account, both the InSAR and petrology estimates are in agreement as they show a relatively shallow magma chamber. Because there is no net deformation in interferograms that span the eruption, we infer that the sill must have emptied during the eruption with the same pattern and amplitude of ground deformation as seen in the preeruptive intrusion. The intrusion and extrusion of magma or the pressurization and then depressurization of gas could cause the ground deformation, but to our knowledge no estimates of the erupted volumes are available for comparison with the sill volumetric change of 0.009 + 0.007 km 3 .
eruptive intrusion. The intrusion and extrusion of magma or the pressurization and then depressurization of gas could cause the ground deformation, but to our knowledge no estimates of the erupted volumes are available for comparison with the sill volumetric change of 0.009 + 0.007 km 3 .
At Villarrica, the ground uplift source after the March 2015 eruption is inferred to be located ~5 km SE of the volcanic edifice at a depth of ~4.2 km below the sea level and related to an increase in volcano tectonic seismicity in the same area , but the relation of this deformation source to the volcanic plumbing system is unclear. The 4.2 km geophysically inferred depth of the magma chamber is at the lower end of the depth inferred from petrology mentioned above ( , Morgado et al. (2015) ), but is clearly deeper than the depth of the seismic source which may be related to conduit processes (Richardson and Waite, 2013) . No evidence for sources of hydrothermal origin have been recorded at Villarrica (Moreno and Clavero, 2006 ), hence we suggest that the inverted source is of magmatic origin, although with the limited data sets, the relation of this inflation source with the March 3 2015 eruption is unclear. Perhaps the deformation is related to the eruption either by a refilling of the Villarrica magma chamber after the area was evacuated by the eruption or a pressurization of the magma chamber caused by devolatilization driven by the expulsion of magma in the eruption. If so, why is there a delay of several weeks between the end of the eruption and the observed uplift and the location of the inflation source with respect to the volcano crater? However, such connection between the sources by a hypothetical dike (not shown) does not predict the uplift signal in the few coherent areas. Further geophysical investigations are necessary to test for links between the inflationary source and the conduit processes that characterize the current activity at Villarrica (e.g., ; Palma et al. (2008) ; Moussallam et al. (2016) ; (Richardson and Waite, 2013) ).
The Calbuco subsidence occurred during the first and second eruptions on 22 and 23 April 2015, caused by a source at ~8-11 km depth below the summit or slightly to the west depending on the source geometry (Table 6 and Nikkhoo et al. (2016) ). This depth is about twice as deep as Villarrica and Llaima modeled sources and is one of the deepest compared with sources modeled from geodetic data at other volcanoes in the SAVZ (e.g., (2016)). The main differences between Calbuco and both Villarrica and Llaima are the magma compositions as the former is andesitic (Selles and Moreno, 2011) and the latter are basaltic-andesitic edifices (Moreno and Clavero (2006) , Naranjo and Moreno (2005) ). The neutral buoyancy hypothesis (Walker, 1989 ) predicts that basaltic magmas should be stored at deeper chambers compared with more silicic magmas for similar ambient crust, hence the Calbuco chamber should be shallower than those beneath Llaima and Villarrica, but this is not consistent with our geodetic observations. The three edifices have similar stress regimes (Cembrano and Lara, 2009) hence it cannot explain the differences between the depth of the different modeled sources (Chaussard and Amelung, 2012) . Tomographic and thermal models to compare the shallow plumbing systems and the crustal structure of the three volcanoes are not available, but we speculate that the hotter basaltic-andesitic magmas and more frequent eruptions at Villarrica and Llaima create a warmer thermal profile than at Calbuco that could allow for the shallower observed magma chambers. On the other hand, Castruccio et al. (2016) suggested that the eruption was triggered by either volatile exsolution or a small magma intrusion into the base of the magma chamber and with the same composition of the latter. We consider the dike intrusion a less likely mechanism than volatile exsolution because synthetic models for a dipping dike (not shown) with similar volumes as those from the source models do not predict the co-eruptive interferograms.
What does the lack of ground deformation associated with some eruptions mean?
In addition to our observations of deformation mentioned above, observations of null deformation during certain time periods provide some constraints on magma movements (or lack thereof) at these three volcanoes. But a key question is could the lack of observed deformation be due to the limited spatial and temporal sampling of the InSAR observations? This is an issue of special concern for ALOS data due to its 46 days orbital deformation during certain time periods provide some constraints on magma movements (or lack thereof) at these three volcanoes. But a key question is could the lack of observed deformation be due to the limited spatial and temporal sampling of the InSAR observations? This is an issue of special concern for ALOS data due to its 46 days orbital period and the satellite orbit reset in early 2009. For example, we observed deformation at least 1 and half months before the April 2009 Llaima eruption ( Figure 5 ), but interferograms that span the eruption show no net deformation (Figure 3 ; Figure 4 ) indicating co-eruptive subsidence that canceled the pre-eruptive inflation. So perhaps the nearly equal balancing of inflation before and after eruptions could explain the lack of deformation associated with the March 2015 Villarrica eruptions or the 2008 Llaima eruptions. On the other hand, there are interferograms up to one day before the April 22 2015 Calbuco, 24 days before the January 1 2008 Llaima and 4 days before the March 3 2015 Villarrica eruptions that do not show any pre-eruptive inflation -so that lack of deformation result is robust within the limits of the atmospheric noise and coherence in those images. Deformation below the noise level and within decorrelated areas would of course be hidden, and we address observing strategies in the next section to reduce noise and increase coherence.
A useful model for considering the relation between eruptions and ground deformation is the classification by Chaussard et al. (2013) of open and closed volcanoes -closed systems are volcanoes with ground deformation signals of subsurface magmatic origin, while those with a lack of those signals are considered open systems. This is a specific definition for ground deformation purposes and is used as such in the following sections unless it is explicitly stated. A magma chamber beneath a closed volcano can be pressurized by volatile exsolution or magma intrusion, as the conduit that connects it with the surface is obstructed by a solid plug or pyroclastic material, while chamber pressurization at open systems is relieved by passive degassing, lava dome growth, lava ejection and minor explosions. At such edifices, eruptions might be a consequence of subtle magma chamber changes (Chaussard et al., 2013 (2015)). Further, the Kilauea lava lake levels are correlated with variations in the ground tilt .
A different model for volcanoes with open conduits with either permanent or semi permanent degassing is that passive degassing may lead to endogenous growth due to magma accumulation beneath a volcanic edifice (Francis et al., 1993) and therefore the intrusion growth should produce ground deformation. This model might apply to Villarrica and Llaima, as both are systems that have permanent or semi permanent passive degassing (Mather et al. (2004) (2016)). We assess the minimum depths where such sources could be located from SO 2 emissions under the assumption that they produce maximum ground deformation beneath the + 2.5 cm/yr detection rate for the ALOS time series (e.g., If an equivalent volume of magma is intruded into a spherical magma chamber beneath the volcano summit and corrected by a factor of 2.3 to take into account magma are degassed from Villarrica volcano, equivalent to a yearly volume flux of 0.063 + 0.037 km 3 /yr. If an equivalent volume of magma is intruded into a spherical magma chamber beneath the volcano summit and corrected by a factor of 2.3 to take into account magma compressibility (Segall, 2010 ) such a source should lie between 10 and 20 km beneath Villarrica (Supplementary material). SO 2 fluxes have also been calculated at Llaima (Bredemeyer and Hansteen, 2014; Mather et al., 2004) , but in the absence of the sulfur lost from the melt, a figure needed to convert SO 2 mass flux into volume flux (Kazahaya et al., 1994) , we did not calculate the inferred reservoir depth. noted the lack of secular ground deformation at Villarrica for such a large volume change in a hypothetical magma chamber and concluded that magma convection driven by dense degasified magma batches that sink back into the conduit (Kazahaya et al., 1994) is the most likely heat and volatile transport mechanism. This is in agreement with the location of a stable seismic source 1 km beneath the volcano crater and inside the conduit related to the lava lake outgassing (Richardson and Waite, 2013) . Although the open conduit and the endogenous growth models are not mutually exclusive, when both are compared with the geodetic and degassing data, the lack of secular ground deformation between 2002 and 2015 at Villarrica is most likely explained by the former. (2012)) as well as the 1948 -1949 (Casertano, 1963a Casertano, 1963b ), 1963 -1964 (Naranjo and Moreno, 2004 and 1971 (Moreno, 1993) eruptions at Villarrica erupted lava and gas from dikes and fissures aligned with the N and S Llaima summits and close to the Villarrica summit. Depending on the size of the dike intrusion, the ground deformation signature may not be detected in the available data. For example, a dike that opens 1 m and aligned with the Llaima volcano vents produces displacements in the limited coherent areas within the atmospheric noise amplitude (Supplementary material). However, larger dike intrusions at stratovolcanoes tend to produce LOS surface displacements larger than ~0.15 m (e.g., Currenti et al. (2011 ), Wauthier et al. (2012 ; (Lundgren et al., 2015a) ) and above the InSAR detection threshold, but we cannot constrain the minimum amount of dike opening to be geodetically detected because the opening of these structures was not measured. It is also possible that many dike intrusions, like those described earlier are not likely to generate signals detectable with the available InSAR platforms because they occur on areas of the edifices that are systematically decorrelated. This motivates developing InSAR observing strategies that produce observations on the edifices (see final section).
The open-closed conduit model cannot explain the lack of pre-eruptive ground deformation up to 1.5 days before the Calbuco eruption because there was not evidence of an open conduit with either permanent or semi permanent degassing. The lack of preeruptive deformation could be related to the fast ascent of highly compressible gas-rich magmas that leave no geodetic overprint in the available InSAR data (e.g., Ebmeier et al. (2013) , Biggs et al. (2014) ), as in Chaitén (Fournier et al., 2010; Wicks et al., 2011) and Mt. St. Helens volcanoes (Poland and Lu, 2008) or magma recharge at rates below the detection threshold or during periods with no InSAR observations. Indeed if all the magma that was erupted was intruded in the same reservoir with a secular rate since the previous eruption in 1972, the expected ground uplift LOS velocity is ~2.8 mm/yr, 1 order of magnitude below the accuracy of the time series and not resolvable with the available data.
In summary, a variety of processes including temporal aliasing, volcanoes with open conduits, deformation that might only be detectable in areas likely to be systematically decorrelated, and signals below the detection threshold can be responsible for the lack of deformation at the studied volcanoes. All these alternatives must be further explored before a volcano with a complicated relation of eruption and ground deformation, with persistent atmospheric phase delays, and with a lack of measurements near the conduit decorrelated, and signals below the detection threshold can be responsible for the lack of deformation at the studied volcanoes. All these alternatives must be further explored before a volcano with a complicated relation of eruption and ground deformation, with persistent atmospheric phase delays, and with a lack of measurements near the conduit can be classified as either an open or closed system.
Coherence comparison between X, C and L band data
To develop more effective satellite monitoring in the SAVZ, we compile observations of InSAR data quality (InSAR coherence) from different seasons, repeat intervals, and radar wavelengths in Table 8 . Although direct comparison of the different datasets is difficult because of variations in data availability, it is rare to have these observations for different seasons and time periods. Another caveat is that our analysis does not consider the use of persistent scatterers (PS) (Hooper et al., 2007) .
InSAR coherence is broadly similar at Llaima and Villarrica (they are less than 50 km from each other), but is much lower at Calbuco, which is located ~300 km farther S and closer to the ocean in a more humid area. However, coherence in ENVISAT nominal mission interferograms was sufficient on Llaima lava flows for more than 4 years, but not at Villarrica due to the higher slopes and more vegetation. Coherence is higher in the ENVISAT extended mission interferograms at both volcanoes because images were acquired more frequently and they have HH polarization instead of VV of the ENVISAT nominal mission, consistent with results from Mt. St. Helens comparing RADARSAT-1 HH data with both ERS and ENVISAT VV data (Poland and Lu, 2008) . Volcano size is important in coherence, as smaller edifices such as Calbuco or Lonquimay decorrelate faster than larger ones and are only coherent on one side of the volcano (Supplementary material).
Sentinel-1A/B observations are routinely collected every 24 days (at the time of this writing in February, 2017) at all three volcanoes except during the 2015 eruptions when the repeat period was temporarily reduced to 12 days at Calbuco and Villarrica. We find that 24 days is not always short enough for interferograms with a posting of ~30 m to remain coherent in the vegetated areas that surround the volcanoes, hence the repeat period should be reduced to at least 12 days. These observations beyond the volcano edifice are essential to separate real deformation signals at the volcano from atmospheric noise as well as to detect magmatic deformation that can occur at several tens of km from the volcano (Henderson and Pritchard, 2013) .
As many historical eruptions at Llaima and Villarrica have been from eruptive fissures near the summits (Naranjo and Moreno, 2004; Naranjo et al., 2009) , it is important to assess the best suited InSAR data sets to study this type of ground deformation. Table 9 summarizes the maximum temporal baseline for interferograms to remain coherent in the summits. At Llaima, RS2 and CSK interferograms from a single orbital cycle are mostly decorrelated in the glacier-covered areas, but the summit seems to be coherent (Supplementary material). At Villarrica, the only data sets that are coherent over the glacier are 2-days UAVSAR and 1-day CSK interferograms that show evidence of both widespread glacier movement and DEM errors, although coherence is not sustained over most of the glacier for X band (Figure 9 ). Hence the only option to image these areas with the available platforms is to use 1-day CSK pairs with incidence angles higher than 30º to avoid potential SAR layover and foreshortening. Indeed, these interferograms have been shown to remain coherent over the Bárðarbunga ice-covered caldera with ground velocities as high as 0.6 m/day (Riel et al., 2015; Sigmundsson et al., 2015) . Nevertheless, these data sets are not tasked continuously and baselines are not always optimal for interferometry. The presence of ice implies that continuously updated DEMs are required, and with a high resolution if the target is the volcano conduit .
Satellite Monitoring Strategies
In summary, what is the best approach for monitoring these three most dangerous volcanoes in the SAVZ with InSAR, given the satellites currently available and the fast decorrelation in the area? To catch possibly short lived precursors and mitigate temporal decorrelation, in particular with X band data, observations during every satellite
In summary, what is the best approach for monitoring these three most dangerous volcanoes in the SAVZ with InSAR, given the satellites currently available and the fast decorrelation in the area? To catch possibly short lived precursors and mitigate temporal decorrelation, in particular with X band data, observations during every satellite overflight would be desired and from platforms and beams that image multiple edifices, in order to use empirical corrections that correlate phase and topography to mitigate atmospheric phase delays. During the winter months (i.e., interferograms in the months June to October), collecting data during every overflight is still useful --coherence on the edifice and the surrounding area is reduced, depending on the satellite repeat interval and radar wavelength, but we have found useful coherence in some X and C band winter pairs (Table 8 ). There is a trade-off between having high spatial resolution on these three volcanoes and having a wide enough image to capture deformation near the edifice and include multiple edifices in order to use empirical corrections that correlate phase and topography to remove atmospheric errors. This is a particular complication of X band data because of the small area of stripmap swath (~50 x 50 km 2 ), and more so for TSX spotlight swaths (~11 x 11 km 2 ). Despite the success of the latter mode to detect deformation produced by very shallow sources near volcano conduits , we suggest other modes of observation at Llaima and Villarrica from this satellite. Some signals such as the potential flank instability at Llaima and the post eruptive inflation at Villarrica are not completely imaged by its small swath, and its 11-day repeat period is not short enough to mitigate systematic decorrelation due to the glaciers on top of the volcanoes. Hence we suggest using C and L band data for regional scale monitoring and X band data for volcanic crisis when more frequent acquisitions are required. Further, frequently updated high-resolution DEMs possible from TanDEM-X and optical stereo imagery should be collected at these volcanoes.
Conclusions
We use multi-satellite X, C and L band InSAR observations at Villarrica, Llaima and Calbuco volcanoes in the SAVZ, and show evidence of ground deformation, periods with no clear deformation signal with and without eruptions, and provide guidance on future observing strategies for these three most dangerous volcanoes in Chile. Specifically:
1. We detect likely ground deformation at all three volcanoes: Llaima: Pre-eruptive uplift before the April 3 2009 eruption from a sill-like source at about 5 km depth on the west side of the edifice. We infer that this signal was elastically recovered by a similar pattern of subsidence during the eruption itself. Any dikes that fed the eruption from this source depth would have been hard to detect because of InSAR decorrelation on the edifice, unless they had an opening significantly larger than 1 m. Villarrica: Post-eruptive uplift following the March 3 2015 eruption from a depth of ~4.2 km and offset from the summit by 5 km to the SE. As at Llaima, deformation on the edifice itself is difficult to measure with available InSAR. Calbuco: Subsidence during the April 22-23 2015 eruptions from a source at a depth of 8-11 km below the summit. Llaima eruptions the temporal sampling is not as good, and deformation could have been aliased. Co-eruptive deformation was only detected during the VEI 4 Calbuco eruption while for the rest of the eruptions (VEI 1-2 for Villarrica and Llaima) the potential ground deformation signals are likely ~1 order of magnitude smaller than the amplitude of the average atmospheric phase delays, and are not likely to be imaged near the volcano summit that are systematically decorrelated in the available InSAR data. To properly assess the relation of ground deformation and eruption more frequent InSAR sampling is needed with high-resolution topographic data, including measurements closer to the conduit than are routinely available for these three volcanoes.
conduit than are routinely available for these three volcanoes.
3. To date, observations from InSAR in the SAVZ have not been ideal for detecting ground deformation or separating real deformation from tropospheric changes. In order to assess these persistent atmospheric signals we recommend SAR data with beams that cover several volcanic edifices and not small swaths as those from spotlight modes. We also recommend observations at these volcanoes during every satellite overflight even in the austral winter to mitigate systematic temporal decorrelation. were provided by the Canadian Space Agency (CSA); MacDonald, Dettwiler & Associates (MDA) Ltd.; and the SOAR and CSA-SOAR-ASI programs. TerraSAR-X data were provided of Deutsches Zentrum für Luft-und Raumfahrt (DLR). UAVSAR data courtesy of NASA/JPL-Caltech. M.E.P. and F.D. were partly supported by NASA grants NNX16AK87G, NNX12AO31G, NNX12AM24G issued through the Science Mission Directorate's Earth Science Division. F.D. acknowledges CONICYT-Becas Chile and the NASA ESSF program for PhD fellowships. We thank Caroline Bouvet de Maisonneuve (Earth Observatory of Singapore), Jacqueline Salzer (GFZ Potsdam), Michael Poland (USGS), Charles Wicks (USGS), Paul Lundgren (JPL), Andrés Rivera (CECS, Chile), Daniel Bertin, Loreto Córdova, and José Naranjo (SERNAGEOMIN) for sharing unpublished data and discussions. We also thank Piyush Agram and Eric Fielding (JPL) for their help with the ISCE software and for providing prototype additions for processing RS2 zero-doppler data. The GMT software (Wessel and Smith, 1998 ) was used to create several figures. We acknowledge editor Jürgen Neuberg, Falk Amelung and an anonymous reviewer for their thorough reviews that improved the quality of this work. (Siebert et al., 2010) . Dashed and solid black lines show the extent of the ENVISAT extended and nominal mission frames respectively. TSX swaths are shown for reference as we only processed a few interferograms ( Table 1) . Inset shows the location of the southern Andes within South America. The lower box shows the time span of the processed data sets for each platform as well as the different eruptions (purple dashed lines). Fournier et al., [2010] detected a possible flank instability signal, which has been masked out for the time series as it has unwrapping errors and is a localized signal that is not of interest in our search for edifice-scale deformation. The circles in figures a to d are the location of the deformation profiles shown in e to h, the black arrow is the flight direction and the grey arrow is the look direction with the incidence angle. e, f, g, h) Deformation time series for a, b, c, and d, respectively. In e to h, the vertical red bars are the January 1 2008 and April 3 2009 Llaima eruptions. The yellow circle in e to h shows the outlier in the time series interpreted as pre eruptive deformation before the April 3 2009 eruption ( Figure 5) . We do not think that the rest of the points in the deformation time series (a, b, c, and d) indicate real deformation because the rates are not consistent between the two paths and previous work has found ALOS time series uncertainties are ~2.5 cm/yr (e.g., Philibosian and Simons (2011); Ebmeier et al. (2013) ). (Fournier et al., 2010) . The latter signal is not evident in the rest of the interferograms due to decorrelation. The track 239 interferogram does not show ground deformation, most likely due to zero cumulative ground deformation during the covered time span -since inflation was observed before the eruption ( Figure 5 ) this implies that any subsidence must have been equal and opposite of the inflation within measurement error. (Figure 4) , and has been masked in radar coordinates as it has unwrapping errors and deformation from the sill is not visible in the region. (Rivera et al., 2015) . Blue and red lines are caldera 1-2 and caldera 3 rims from (Moreno and Clavero, 2006) . Red triangle shows volcanoes summit. Black and grey arrows are the satellite heading and line of sight direction. Blue and black squares are OVDAS continuous GPS and tiltmeters respectively and are shown for comparison. c) Deformation time series for (a) and (b) (red and green respectively). Pixels error bars were calculated from the variance of each interferogram in non-deforming areas under the assumption that the phase delays are spatially uncorrelated. Time series were not corrected for topography correlated phase delays because the small swath of the CSK data does not include enough high relief areas for a reliable correction. Red line shows the time of the March 3 2015 eruption. Table 5 ). Blue and black (a, d, g), model prediction (b, e, h) and residual (c,  f, i) of what we think is real ground deformation after the March 3 2015 eruption using a Mogi source southeast of the summit (model parameters in Table 5 ). Blue and black squares are OVDAS continuous GPS and tilt meters respectively and are shown for comparison. Black point is the location of the Mogi source. Black dashed lines are the swath of TSX spotlight data that have been acquired which do not completely cover the observed deformation signal. Other labels are the same as Figure 6 . a, d, g, j), model predictions (b, e, h, k) and residuals (c, f, i, l) with results for the joint inversions for spherical (a-f) and spheroidal (g-l) point sources. Purple square circle shows the location of the OVDAS tilt meter. Red circle shows the location of the best-fit sources (model parameters given in Table 1 ). The spheroid volume change ΔV is the product of the source strength and its volume (Amoruso and Crescentini, 2009 ) and is ~0.055 km3. Tables   Table 1. List of all the processed InSAR data for the different volcanoes studied. The number of synthetic aperture radar (SAR) images analyzed and the number of interferograms used in time series are in the column labeled as "SAR" and "TS". UAVSAR NW-SE pass means that the aircraft flew on a NW-SE direction. Table 6 . Calbuco S1A interferograms used in the joint inversion for the deflation signal during the April 22-23 2015 eruptions. RMS and B perp as in Table 2 . The spheroid source strength is the adimensional pressure to shear modulus ratio. Table 7 . Calbuco best fit source models. We fixed the spheroid semi-major axis, otherwise the inversion predicts an unrealistic large source (Pritchard and Simons, 2004 Table 8 . Summary of InSAR temporal coherence loss. We did not assess the coherence loss of ERS-2, Sentinel-1A, ALOS-2 and TerraSAR-X data due to the sparse data sets we processed.
Figure Captions
(1) Equivalent to 2-3 repeat periods.
(2) ALOS interferograms calculated with a winter scene and scenes from other seasons are coherent.
(3) Not analyzed because of the satellite drifting orbit.
(4) Not analyzed due to the small data set.
(5) ALOS interferograms with temporal baselines longer than 3 years are not coherent due to geometrical rather than temporal decorrelation. 
